Research in contextEvidence before this studyVEGF and mTOR pathways play key role in the development of renal cell carcinoma (RCC), the combination of agents targeting both VEGF- and mTOR-mediated pathways have been investigated with distinct results. We searched in PubMed with the terms of "combination therapy" and "renal cell carcinoma" up to December, 2019. We restricted our search to clinical trials, and 63 researches explored the effect of anti-angiogenic drugs (most were bevacizumab, sorafenib or sunitinib) on RCC. Moreover, single-agent treatments based on tyrosine kinase inhibitors showed modest efficacy in overall survival and few complete response events. Seven studies specifically discussed the use of everolimus in the combination treatments. Lenvatinib plus everolimus has proven to prolong progression-free survival compared with everolimus alone. However, more grade 3 and 4 AEs occurred in patients assigned combination therapy than those received monotherapy. Vorolanib (CM082) is a potent and selective inhibitor of VEGFR and PDGFR, and the safety and efficacy of the vorolanib in combination therapy remains to be discussed.Added value of this studySeveral immune checkpoint inhibitors have entered clinic as the first-line treatment for renal cell carcinoma (RCC). So far, second-line therapy for RCC included single-agent TKI and immune checkpoint inhibitor with modest efficacy in terms of overall survival and tumor response. Besides, intolerable toxicities were seen in several studies investigating the combination of VEGFR TKIs and mTOR inhibitors. In this study, compared with everolimus alone, efficacy was improved by the combination strategy of vorolanib and everolimus, and with vorolanib alone. More importantly, the safety profile of combination therapy was within the range of the known safety profiles of each agent. The toxicities observed in the present study were manageable with dose adjustments and supportive medication.Implications of all the available evidenceThe results from this phase 1 study show the efficacy and safety profile of the combination of vorolanib and everolimus for patients with metastatic renal cell carcinoma. A phase II/III study (NCT03095040) is ongoing to assess the efficacy and safety of vorolanib, everolimus, or their combination as second-line treatment in patients with metastatic renal cell carcinoma.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Renal cell carcinoma (RCC) is the most common form of kidney cancer, in which clear cell RCC (ccRCC) accounts for 70--75% of all RCC cases, and associated with alterations in the von Hippel--Lindau (VHL) gene \[[@bib0001], [@bib0002], [@bib0003]\]. Understanding in the essential role of the VHL gene and its regulation of cellular levels of hypoxia-inducible factor 1 alpha (HIF-1a) and HIF-2a in ccRCC has led to the development of agents that could inhibit the downstream mediators of HIF \[[@bib0004], [@bib0005], [@bib0006]\], including multi-targeted tyrosine kinase inhibitors (TKIs) and mammalian target of rapamycin (mTOR) inhibitors. The VHL inactivation and VEGF overexpression have been demonstrated to correlate with tumor aggressiveness and poor survival in RCC [@bib0007]. VEGF regulates its activity through the interaction with transmembrane tyrosine-kinase receptors that include VEGF receptor 1 (VEGFR1), VEGF receptor 2 (VEGFR2), and Neuropilin-1 (NRP1) [@bib0008], which are expressed mainly in vascular endothelial cells. VEGF plays a vital role in both normal and tumor-associated angiogenesis via regulating the proliferation and migration of endothelial cells [@bib0009]. Moreover, mTOR contributes in the hypoxic tumor response by stabilizing HIF-1α [@bib0010]. Recently, mTOR inhibitors have been proved to reduce VEGF expression and act as antiangiogenic agents [@bib0011]. mTOR inhibition induces apoptosis in tumor-associated endothelial cells, leading to significant reductions in microvessel density and tumor growth. In addition, mTOR inhibitors can also suppress the production of pro-angiogenic factors in tumors and tumor-associated stromal cells [@bib0012]. These agents showed longer progression-free survival (PFS) or trends of improved overall survival (OS) compared with cytokine-based immunotherapy in advanced and metastatic RCC \[[@bib0013], [@bib0014], [@bib0015], [@bib0016], [@bib0017], [@bib0018]\].

Multi-targeted TKIs, including sunitinib, pazopanib, cabozantinib, have been standard for first-line treatment of RCC. However, the landscape for treatment of metastatic RCC keeps evolving as new data with immune checkpoint inhibitors and novel TKI therapies are presented. Emerging data revealed improved PFS/OS with combination regimens which include phase III studies of atezolizumab plus bevacizumab, ipilimumab plus nivolumab, and avelumab/pembrolizumab plus axitinib, when compared with sunitinib or sorafenib as initial therapy \[[@bib0019],[@bib0020]\]. Paradigm shift in the first-line setting brought new question about standard care for the second line since there are no data supporting sequential use of multiple immune checkpoint inhibitors. Currently used second-line options for metastatic RCC include axitinib, cabozantinib, nivolumab, and everolimus alone, which was associated with a median PFS of 3.8--7.4 months \[[@bib0021], [@bib0022], [@bib0023], [@bib0024]\]. Attempts have also been made on the combination of VEGFR TKIs (e.g., sunitinib or sorafenib) and mTOR inhibitors (e.g., everolimurs or temsirolimus) based on the concepts that drug resistance develops through feedback mechanisms which could be inhibited by different agents acting on two or more different levels of the same pathway, such as suppressing HIF-a by blocking its translation and inhibiting HIF-a -- induced gene products and their functions [@bib0025]. Intolerable toxicities were seen in several phase I studies evaluating combination of temsirolimus/everolimus and sunitinib or temsirolimus and sorafenib, respectively, while everolimus plus sorafenib showed favorable toxicity profile and preliminary antitumor activity \[[@bib0026], [@bib0027], [@bib0028], [@bib0029]\]. More recently, the combination of lenvatinib plus everolimus is approved for patients with advanced RCC following one previous antiangiogenic therapy based on phase II data showing an impressive median PFS of 14.6 months versus 5.5 with everolimus and 7.4 months with lenvatinib alone [@bib0030]. However, it should be noted that fewer grade 3 and 4 events occurred in patients allocated everolimus alone (50%) compared with those assigned lenvatinib plus everolimus (71%) or lenvatinib alone (79%) [@bib0030]. Moreover, substantial toxicity has been a recurrent observation with combination studies including bevacizumab plus temsirolimus, both in the phase 2 TORAVA [@bib0031] and phase 3 INTORACT [@bib0032] studies, or bevacizumab plus sunitinib or any mTOR inibitors with sunitinib. Therefore, new agents for combination therapies with favorable safety and improved efficacy will provide more options for clinicians.

Vorolanib (X-82, CM082) is a highly potent VEGFR/PDGFR TKI with a small volume of distribution and limited tissue accumulation, which designed to minimize side effects while maintaining target effect. The earlier-generation small-molecule VEGFR inhibitors, such as sunitinib [@bib0033], sorafenib [@bib0034], and pazopanib [@bib0035] suffer from poor kinase selectivity. In fact, many of them inhibit more than 10 kinases with similar potency. As a consequence, the drug exposures at the maximum tolerated dose (MTD) are limited due to inhibition of multiple targets, resulting in less optimal and/or short duration of inhibition of any targets, in particular VEGFR. Axitinib is a more selective tyrosine kinase inhibitor because it only shows activity against VEGFR-1, VEGFR-2, and VEGFR-3 with higher potency in vitro than that of pazopanib and the first-generation VEGFR inhibitors such as sunitinib and sorafenib \[[@bib0036], [@bib0037], [@bib0038]\]. Vorolanib is a novel indolinone-based kinase inhibitor that targets several receptors including the VEGFR, PDGFR, and Colony Stimulating Factor 1 Receptor (CSF1R) \[[@bib0039],[@bib0040]\], with low substantial inhibitory effect on RET or AMPK, which might contribute to less adverse effects and a wide therapeutic window. Vorolanib was found to inhibit VEGFR2 (KDR), PDGFR, Flt3 and c-Kit with an IC50 of 0.13--1.12 nmol/L (unpublished data). In a phase 1, first-in-human study, vorolanib was well tolerated across a dose range from 20 to 400 mg daily, without achieving the most tolerated dose (MTD) [@bib0041]. The most treatment-related adverse events (TRAEs) were fatigue, nausea, diarrhea, anorexia, and vomiting [@bib0041]. Similarly, favorable safety profile of vorolanib was also seen in another phase 1 study in China [@bib0042]. No dose-limited toxicity (DLT) was observed, and the most common TRAEs were leukopenia, fatigue, diarrhea, neutropenia, and hypertension [@bib0042]. Sequential combination of vorolanib with docetaxel had been explored, and favorable safety and enhanced pharmacodynamic effects of the combination therapy were observed [@bib0043]. In this study, we hypothesized that vorolanib in combination with everolimus might effectively enhance antitumor activity by inhibiting VEGFR and mTOR signaling pathways with tolerable toxicities. Therefore, we performed this study to evaluate the safety and determine the MTD of vorolanib administered with everolimus.

2. Materials and methods {#sec0002}
========================

2.1. Patients {#sec0003}
-------------

Patients aged 18 to 70 years with a histologically or cytologically confirmed diagnosis of advanced ccRCC, disease progression after targeted therapy, an ECOG performance status of 0--1, and an expected survival time of more than 3 months were eligible for the study. Additionally, eligible patients were required to have adequate hematologic, hepatic, and renal function (hemoglobin ≥9.0 g/dL, ALT/AST ≤1.5 × ULN or ≤5 × ULN when having liver metastases, total bilirubin ≤1.5 × ULN, and serum creatinine ≤1.5 × ULN); and measurable disease according to Response Evaluation Criteria in Solid Tumor (RECIST) version 1.1, and should not have received any chemotherapy, radiotherapy, biotherapy or endocrine therapy within 4 weeks before study treatment. Patients were excluded if they have poorly controlled blood pressure (150/90 mm Hg or higher with or without antihypertensive drugs); severe vascular disease including cardiovascular, cerebrovascular, or peripheral vascular disease; cardiac dysrhythmias or QTc prolongation (\>450 ms); or brain metastases.

2.2. Study design {#sec0004}
-----------------

We designed a single-center, open-label, phase 1 study with a standard 3 + 3 dose escalation plan to assess the tolerability, safety, PK and antitumor activity and establish the RP2D of vorolanib plus fixed dose of everolimus in Chinese patients with ccRCC. Three to six patients of each cohort were enrolled sequentially to receive concurrent vorolanib and everolimus orally in 4-week continuous cycles. The dose-escalation schedule for vorolanib was set as 100, 150, and 200 mg. The decision to proceed to the next dose cohort was based on events in the first cycle. Everolimus was administered on a fixed dose of 5 mg daily, while vorolanib was administered 4 h later with a starting dose of 100 mg daily. The primary endpoint was safety and tolerability. Dose limited toxicity (DLT) was assessed during the first 28-day cycle. The maximum tolerated dose (MTD) was defined as the highest dose level at which less than 2 of 6 patients experienced a DLT. The recommended dose of vorolanib would be 200 mg daily if no more than 1 DLT occurred, otherwise the MTD would be the recommended dose. After determination of the MTD and recommended dose, additional patients (10--15) were enrolled in the expansion part of the study, vorolanib at recommended dose and everolimus 5 mg daily were administered until disease progression or unacceptable toxicity.

This study was performed in accordance with the Declaration of Helsinki and the principles of Good Clinical Practice. The protocol was approved by the ethic committee of Peking University School of Oncology and all patients provided written informed consent. This study was registered with ClinicalTrials.gov (No. NCT02577458).

2.3. Safety assessment {#sec0005}
----------------------

Safety assessment consisted of monitoring and recording all AEs, including periodic laboratory tests, vital signs, 12-lead electrocardiograms, and physical examination. AEs were graded according to the National Cancer Institute Common Terminology Criteria for AEs version 4.03. DLT was defined as treatment-related failure to administer ≥75% of the planned dosage of vorolanib/everolimus combination or any clinically significant treatment-related adverse event that met any of the following criteria: (a) escalation of ALT/AST ≥5 × ULN or ≥2 × baseline value (the baseline value was abnormal) for 2 weeks, or elevated ALT/AST ≥3 × baseline value together with elevated bilirubin ≥2 × ULN or international normalized ratio (INR) ≥1.5; (b) uncontrolled grade 3 hypertension by medication within 7 days; (c) grade 3 or higher proteinuria or grade 2 proteinuria lasting \>7 days, (d) grade 3 neutropenia with fever or grade 4 neutropenia; (e) grade 3 thrombocytopenia lasting \>7 days or grade 3 thrombocytopenia with bleeding; (f) grade 3 nausea or vomiting with symptomatic treatment; (g) other grade 4 hematologic AEs and grade 3 or higher non-hematologic toxicities.

Dose modification was permitted among patients who experience grade 3 and 4 adverse events according to pre-specified plan. Stepwise dose reductions of vorolanib from 200 mg/day to 150 mg/day and 100 mg/day were allowed for patients with grade 3 non-hematological toxicity, or grade 4 hematological toxicity without fever. If patients had everolimus-related toxicities (grade ≥2 non-infective pneumonia), dose reduction of everolimus to 5 mg every other day was allowed. A 4-week dose interruption was allowed for the management of toxicity.

2.4. Pharmacokinetics {#sec0006}
---------------------

Serial blood samples were collected at pre-dose, and 0.5, 1, 1.5, 2, 3.5, 4.5 (0.5 h after vorolanib administration), 5, 6, 7, 8, 10, 12,16, 24 and 28 h after the first dose of everolimus on day 1 of cycle 1 (Supplementary Fig. 1); and at pre-dose, and 4 h after multiple dosing on day 14 of cycle 1. The concentration of everolimus, vorolanib, and X-297 (the main metabolite of vorolanib) in plasma was determined by using a liquid chromatography-mass spectrometry (LC-MSMS) method. Pharmacokinetic parameters in plasma were calculated by non-compartmental analysis and included the maximum drug concentration (*C*~max~), the time to *C*~max~ (*T*~max~), the terminal half-life (*t*~1/2~), and the area under the plasma concentration-time curve (AUC).

2.5. Antitumor assessment {#sec0007}
-------------------------

Tumor assessment was carried out by investigators using Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 at screening and every 2 cycles (8 weeks) after initiation of the study treatment. Computerized tomography was used for scans of chest, abdomen, and pelvis, while gadolinium-enhanced MRI was used for brain scans, at screening and subsequent assessments. Complete response (CR) and partial response (PR) should be confirmed by re-evaluation at least 4 weeks after initial response.

2.6. Statistical analysis {#sec0008}
-------------------------

Patients included in the safety analysis set (SS) should have received at least one dose of the study drugs and has at least one post-baseline safety evaluation. Efficacy analyses were conducted in the full analysis set (FAS), which included patients who received at least one dose the study drugs and has at least one post-baseline tumor assessment. Descriptive analyses of baseline status, medical history, laboratory examinations, safety indices, etc., were used to compare qualitative and quantitative data. The primary study objectives were to evaluate safety and tolerability and to identify MTD for the combination of everolimus and vorolanib. Toxicities were described by frequency and graded with the maximum grade over all cycles used as the summary measure per patient. The analyses were conducted with SAS 9.4 software (SAS Institute, Cary, NC). PK analyses were conducted in patients with evaluable PK concentrations using non-compartmental methods with SPSS17.0.

3. Results {#sec0009}
==========

3.1. Patient characteristics {#sec0010}
----------------------------

A total of 29 patients were screened in which 22 patients were enrolled from September 2015 to July 2016 in China (100 mg *n* = 4, 150 mg *n* = 3, 200 mg *n* = 15, [Fig. 1](#fig0001){ref-type="fig"}). Demographics and baseline characteristics were summarized in [Table 1](#tbl0001){ref-type="table"}. The mean age was 54.8 years, and 73% of the patients were men. All patients had metastatic ccRCC and most patients (95.4%) were pretreated with at least one VEGFR TKI, including first-line sunitinib (9), sorafenib (9), pazopanib (1), anlotinib (1) and famitinib (1) as well as second-line anlotinib (1), sorafenib (1) and sunitinib (2). All patients received at least one dose of combination of vorolanib and everolimus and were included in the safety analysis set, while 3 patients lack of post-dose tumor assessment, leaving 19 patients were included in the full analysis set (2 patients were excluded due to lack of post-dose tumor assessment and 1 were pretreated with vorolanib before entering the current study).Fig. 1Trial profile.Fig 1Table 1Baseline characteristics.Table 1Vorolanib 100 mgVorolanib 150 mgVorolanib 200 mgTotal(*n* = 4)(*n* = 3)(*n* = 15)(*n* = 22)Age (years)62.8 ± 7.559.7 ± 6.851.7 ± 9.554.8 ± 9.7SexMen3 (75%)2 (67%)11 (73%)16 (73%)Women1 (25%)1 (33%)4 (27%)6 (27%)BMI (kg/m^2^)24.5 ± 2.022.2 ± 3.525.3 ± 2.624.7 ± 2.7ECOG performance status01 (25%)0 (0)8 (53%)9 (41%)13 (75%)3 (100%)7 (47%)13 (59%)Prior antitumor therapyPrior nephrectomy4 (100%)2 (67%)15 (100%)21 (95%)Prior radiotherapy01 (33%)4 (27%)5 (23%)Prior chemotherapy001 (7%)1 (5%)Prior targeted therapy4 (100%)3 (100%)14 (93%)21 (95%)

3.2. Safety and tolerability {#sec0011}
----------------------------

The median overall duration of treatment (range) was 168.5 (19--602) days across all cohorts, and was 127.0 (19--208), 168.0 (71--396), and 172.0 (20--602) days for cohorts 1, 2, and 3, respectively. DLT was observed in one patient allocated to vorolanib 200 mg (grade 4 thrombocytopenia) and the MTD was not reached. vorolanib 200 mg and everolimus 5 mg once daily was set as the recommended dose, and was further evaluated in the expansion part.

All patients experienced at least one treatment-related adverse event (TRAE), in which 64% (14/22) were grade 3 or higher. The primary treatment-related toxicity was proteinuria with an incidence of 100%. Other common treatment-related toxicities included leukopenia (77%), hypercholesterolaemia (77%), increased low-density lipoprotein (68%), hair color change (68%), hypertriglyceridaemia (64%), and hyperglycaemia (59%), and fatigue (55%). Most treatment-related adverse events were grade 1 to 2, while grade 3 or higher toxicities were mostly seen in the vorolanib 200 mg cohort. Seven (31.8%) patients experienced grade 4 TRAEs, including 2 hypertriglyceridaemia, 2 thrombocytopenia, 1 creatine phosphokinase elevation, 1 hyponatremia, and 1 dyspnea. The most frequent TRAEs of grade 3/4 were hypertriglyceridemia (27.3%), hypertension (22.7%), and leukopenia (18.1%). [Table 2](#tbl0002){ref-type="table"} summarizes TRAEs reported by 20% or more of patients. No interstitial pneumonia that probably related to everolimus occurred in the study. Dose reduction and interruption of vorolanib was seen in four and fourteen patients, respectively, while eight patients had experienced dose interruption of everolimus.Table 2Treatment-related adverse events.Table 2Any grade, *n* (%)Grade 3, *n* (%)Grade 4, *n* (%)Proteinuria22 (100.0)1 (4.5)0 (0)Leukopenia17 (77.3)4 (18.2)0 (0)Hypercholesterolaemia17 (77.3)1 (4.5)0 (0)Increased low-density lipoprotein15 (68.2)0 (0)0 (0)Hair color change15 (68.2)0 (0)0 (0)Hypertriglyceridaemia14 (63.6)4 (18.2)2 (9.1)Neutropenia14 (63.6)2 (9.1)0 (0)Raised blood glucose13 (59.1)0 (0)0 (0)Fatigue12 (54.5)0 (0)0 (0)Hypertension11 (50.0)4 (18.2)1 (4.5)Creatine phosphokinase elevation11 (50.0)0 (0)1 (4.5)AST elevation10 (45.5)0 (0)0 (0)Diarrhea10 (45.5)1 (4.5)0 (0)Thrombocytopenia9 (40.9)1 (4.5)2 (9.1)Decreased hemoglobin9 (40.9)0 (0)0 (0)Mucosal inflammation9 (40.9)1 (4.5)0 (0)Lid edema8 (36.4)0 (0)0 (0)Anemia7 (31.8)3 (13.6)0 (0)Mouth ulceration7 (31.8)0 (0)0 (0)ALT elevation5 (22.7)0 (0)0 (0)Decreased appetite5 (22.7)1 (4.5)0 (0)Peripheral edema5 (22.7)0 (0)0 (0)Dyspnea3 (13.6)0 (0)1 (4.5)[^2]

3.3. Pharmacokinetics {#sec0012}
---------------------

Pharmacokinetic analyses were performed for both single dose administration (all cohorts, *n* = 9) and continuous dose administration (only vorolanib 200 mg cohort, *n* = 7) of combined vorolanib and everolimus (Supplementary Tables 1 and 2). After the first single dose of vorolanib (100--200 mg) in combination with everolimus, the mean *C*~max~ of vorolanib ranged from 417.35±134.45 to 883.45±538.14 ng/mL, and the median time to *C*~max~ ranged from 4.15 to 7.03 h. The plasma concentration of vorolanib declined rapidly after *T*~max~, fitting a single-compartment model, and the mean *t*~1/2z~ (half-life) ranged from 4.74 to 12.89 h. The AUC~0−~*~t~* was found ranging from 4303.80±2170.82 to 10628.10±7569.13 h\*ng/mL, and a trend of increasing exposure was seen with increasing vorolanib doses. After multiple doses, the mean *C*~max~ of vorolanib (200 mg, once daily) was 591.50±358.15 ng/mL and the median *T*~max~ was 2.02 h. The *t*~1/2z~ was 11.85±7.17 h and the mean AUC~0−~*~t~* was 6705.18±5320.53 h\*ng/mL. X-297 was the main active metabolite of vorolanib identified in preclinical study, exhibiting a mean *C*~max~ of 127.80±51.85 ng/mL and a median *T*~max~ of 2.02 h in the current study after multiple doses. Additionally, X-297 showed a smaller AUC~0−~*~t~* of 1757.49±1011.73 h\*ng/m, but a longer t1/2z of 11.85±7.17 h, compared with vorolanib.

After the first dose in combination with vorolanib, the mean *C*~max~ of everolimus ranged from 41.11±24.04 to 52.61±12.06 ng/mL and the median *T*~max~ ranged from 0.75±0.35 to 0.87±0.26 h. The median *T*~1/2z~ ranged from 13.94±7.28 to 20.77±16.95 h and the mean AUC~0-~*~t~* ranged from 202.83±83.04 to 267.79±89.54 h\*ng/mL. After multiple doses, the mean *C*~max~ of everolimus at day 14 of cycle 1 was 47.86±9.80 ng/mL and the median *T*~max~ was 0.5 h, which was similar to those after single dose administration.

3.4. Antitumor activity {#sec0013}
-----------------------

Overall, 19 of 22 patients had evaluable post-treatment tumor assessments, and tumor burden was reduced from baseline in 68.4% of patients ([Fig. 2](#fig0002){ref-type="fig"}). One patient in the vorolanib 100 mg cohort and 5 patients in the vorolanib 200 mg cohort displayed confirmed PR and 13 patients had stable disease. The ORR was 32% (95% CI: 13--57%, [Table 3](#tbl0003){ref-type="table"}) and the DCR was 100% (95% CI: 82--100%, [Table 3](#tbl0003){ref-type="table"}). [Fig. 3](#fig0003){ref-type="fig"} illustrated the swimmers plot of the duration of treatment.Fig. 2Waterfall plot of the best overall response. The bars indicate the largest percentage change in target lesions from baseline. The colors represent different dose of vorolanib with the same dose of everolimus. The dotted lines at --30% represent the cutoffs for partial response.Fig 2Table 3Tumor response based on investigator assessments.Table 3Objective response100 mg150 mg200 mgTotal(*n* = 3)(*n* = 3)(*n* = 13)(*n* = 19)CR0000PR1 (33%)05 (39%)6 (32%)SD2 (67%)3 (100%)8 (62)13 (68)PD0000ORR (95%CI)33% (1−91%)0 (0--71%)39% (14−68%)32% (13−57%)DCR (95%CI)100% (29−100%)100% (29−100%)100.0 (75−100%)100.0 (82−100%)PFS (month, 95%CI)4.6 (3.7-NA)5.5 (2.6--13.0)5.7 (4.8--16.7)5.6 (4.6--13)Fig. 3Swimmers plot of the duration of treatment.Fig 3

Fifteen patients had disease progression (*n* = 13) or death (*n* = 2), and the median progression-free survival was 5.6 months (95% Cl: 4.6--13.0). For patients in the 200 mg cohort (*n* = 13), the ORR and DCR was 38.5% (95% CI: 14−68%) and 100% (95% CI: 75−100%), respectively, and the median PFS was 5.7 months (95% Cl: 4.8--16.7) ([Fig. 4(a](#fig0004){ref-type="fig"})). Among the 8 patients treated with only one prior VEGFR TKI, the median progression-free survival was 10.2 months (95%CI: 3.7−16.7%). By November 30th, 2019, eleven patients had OS events, the median OS was 25.1 months (95% CI 5.9, 49.9) and 25.1 months (95% CI 5.9, NA) for all patients and those in the 200 mg cohort, respectively ([Fig. 4(b](#fig0004){ref-type="fig"})).Fig. 4Progression-free survival (PFS, 4a) and overall survival (OS, 4b) analysis according to the dose level of CM082 with everolimus (*n* = 19).Fig 4

4. Discussion {#sec0014}
=============

This phase I dose-finding study demonstrated that vorolanib in combination with everolimus were generally well tolerated in patients with advanced ccRCC who had progressed after targeted therapy and/or chemotherapy. The treatment-related AEs were well managed with dose adjustment or supportive medication. Only 1 patient experienced DLT and the MTD of vorolanib in combination with everolimus was not reached.

Since VHL mutations and the activation of VEGF and PDGF have been discovered, the treatment of advanced renal cell carcinoma (RCC) has undergone a major change with the development of potent angiogenesis inhibitors and targeted agents, including sorafenib, sunitinib, pazopanib, axitinib, everolimus, and tersirolimus. More recently, novel agents like cabozantinib and the introduction of immunotherapy has significantly changed the frontline treatment paradigm for RCC owing to improved PFS and/or OS in randomized, phase 3 trials as compared with sunitinib or sorafenib \[[@bib0019],[@bib0020],[@bib0044],[@bib0045]\]. Nivolumab/ipilimumab, as well as axitinib/pembrolizumab resulted in significantly longer OS, PFS, and a higher ORR in untreated RCC patients, while atezolizumab/bevacizumab and axitinib/avelumab could also be relevant first-line options on the basis of prolonged PFS. However, there is no consensus on optimal treatment sequencing in RCC, which raised the question about treatment selection for second-line setting after progression on immunotherapy. Established second-line monotherapies include axitinib, cabozantinib, nivolumab, and everolimus alone, which were associated with a median PFS around 4.4--8.3 months. Notable, cabozantinib has been shown to be effective after treatment with immunotherapy \[[@bib0046], [@bib0047], [@bib0048]\]. In addition, combining therapies with VEGF pathway and mTOR inhibition were also explored. Most early investigations failed due to lack of clinical activity and greater toxicities than with single-agent treatments \[[@bib0026], [@bib0027], [@bib0028], [@bib0029]\]. In the randomized, phase 2 Study, patients were randomized to three treatment arms: lenvatinib-everolimus, lenvatinib alone, and everolimus alone, which showed the longest median PFS at 14.6 months in the lenvatinib-everolimus arm in the second-line setting [@bib0030]. Moreover, median PFS achieved 16.9 (95% CI: 12.1--20.6) in unselected patients with metastatic renal cell carcinoma (mRCC) treated with lenvatinib with everolimus [@bib0049]. These findings suggested that the validity of targeted strategies should not be overshadowed by immunotherapies, combinations can achieve good results. Nevertheless, the data from different clinical trials must be interpreted with caution partly due to the ethnicity, sample size, population, etc. Safety and tolerability remains a major concern for combinations of targeted treatment. Lenvatinib-everolimus combination resulted in an increased rate of dose reductions (71%) and discontinuations due to AEs (24%), and there was one treatment-related death with the combination and one with single-agent lenvatinib [@bib0030]. Vorolanib is a small molecule indolinone inhibitor of VEGFRs-1, −2, −3, platelet derived growth factor (PDGFR α and β), stem cell factor (c-kit), and ligand for FLT-3. The first-in-human phase 1 study of vorolanib tablet (dose range 50--800 mg once daily) in patients with solid tumors was conducted in the USA, which showed favorable safety profile with fatigue, diarrhea, nausea and vomiting being the most common adverse events. The most common treatment-related grade 3 adverse event (AE) being proteinuria (4%), no grade 4 AEs or deaths related to vorolanib was reported. MTD was not achieved, and enrollment was stopped because of the apparent saturation of absorption at 400--800 mg. The recommended dose of vorolanib monotherapy in patients with advanced cancer is 400 mg once daily [@bib0050]. A subsequent phase 1 study was conducted in China to evaluate the safety and preliminary antitumor activities of monotherapy of vorolanib in patients with solid tumors. Consistent with previous study, vorolanib also shown acceptable safety profile and preliminary activities over the dose range of 50--250 mg once daily in Chinese patients [@bib0042]. Proteinuria, leukopenia, fatigue, hypertension and diarrhea were the most common AEs with vorolanib, grade 3 or higher events were seen in 7 out of 19 patients across 100 to 250 mg dose cohort. MTD was not achieved, and 200 mg was established as the recommended dose for monotherapy in further studies.

In a phase 2 study of lenvatinib (an oral inhibitor of multiple VEGFRs), everolimus and the combination in patients with metastatic RCC, the most common treatment-emergent AEs with everolimus (10 mg once daily) were stomatitis, diarrhea, fatigue or asthenia, and cough [@bib0030]. The RECORD-4 study of everolimus in the second-line setting reported the most common grade 3 and 4 AEs were anemia, stomatitis, proteinuria, hyperglycemia, hypertriglyceridemia and hypercholesterolemia [@bib0051]. Moreover, the AEs in our study were consistent with those previously reported for everolimus [@bib0052]. Compared with previous studies on monotherapy of vorolanib or everolimus, the present study did not show any unexpected AEs, and the safety profile was within the range of the known safety profiles of each agent. Furthermore, the safety profile observed in the present study was also very similar to that of combination therapy of lenvatinib plus everolimus, which was expected to inhibit the VEGFR, FGFR and mTOR signaling pathways simultaneously [@bib0053]. Additionally, although 18 patients (82%) experienced TRAEs that need supportive medication, and 12 patients (55%) experienced dose interruption or reduction of this combination therapy due to AEs in the present study, most patients could continue to receive the treatment and only one patient discontinue the treatment. Therefore, the toxicities observed in the present study were manageable with dose adjustments and supportive medication. TRAEs in this study were consistent with the typical class effects of VEGFR and mTOR inhibitors without new safety signals. The grade 3/4 AEs for sunitinib included increased lipase (13%), lymphopenia (12%), neutropenia (11%), hypertension (8%), fatigue (7%), diarrhea (5%), hand-foot syndrome (5%), vomiting (4%) [@bib0054], renal AEs were not common in everolimus plus sunitinib [@bib0026]. With similar structural features of sunitinib, renal toxicity was also not frequently seen in our study with the exception of proteinuria. Besides, we hypothesized that inhibition of TKI and downstream mTOR modulation may induce off-target effects, leading to the increased toxicity, which limited clinical application of combination of effective regimens. Vorolanib has a relatively short half-life and a low volume of distribution, which may contribute to the reduced incidence of adverse effects [@bib0041].

The PK analysis demonstrated that the parameter for everolimus were similar among the three cohorts, indicating the concurrent administration of vorolanib might not affect the PK of everolimus substantially. Nevertheless, the *C*~max~ and AUC of vorolanib increased with the dose escalation, which indicated the plasma exposure of vorolanib increased dose proportionally. The *C*~max~ and AUC0-t was 591.50±358.15 ng/mL and 6705.18±5320.53 h\*ng/mL, respectively, for patients receiving 200 mg vorolanib plus everolimus after multiple doses, which seemed higher than that reported in the western population who received vorolanib monotherapy [@bib0033]. Ethnic factors, and various baseline characteristics like age and weight should be considered when integrating this difference.

Although second-line everolimus can produce objective response and extend PFS and OS in patients with advanced RCC, it is not curative and the benefits must be weighed against the burden of toxicity [@bib0024]. Previous trials have proven that enough dosage of targeted agents could produce favorable therapeutic effect but also enough AEs \[[@bib0026],[@bib0027]\]. To balance the clinical benefit with the toxicity, antiangiogenic TKIs at safe dose in combination with low dose of everolimus were expected to enhance antitumor activity with tolerated toxicities. Lenvatinib plus everolimus (18 mg/day and 5 mg/day, respectively) has proven to prolong progression-free survival compared with everolimus alone. Higher ORR of 43% was achieved in the combination treatment group than that of 6% in the everolimus monotherapy group. However, grade 3 and 4 AEs occurred in more patients allocated lenvatinib plus everolimus compared with those assigned single-agent everolimus (10 mg/day), with diarrhea, fatigue or asthenia, hypertension being the most common [@bib0030]. In the present study, vorolanib combined with low doses of everolimus (5 mg/day) showed good response in treating advanced clear-cell RCC, achieving an ORR of 32% and a DCR of 100%. Even though the overall median PFS in the present study was 5.6 months, 6 of 13 patients in the expansion cohort achieved a PFS of more than 9 months and 3 of them are still under treatment with a PFS of more than 12 months. Therefore, vorolanib plus everolimus possessed the potential to treat advanced clear-cell RCC with good efficacy.

In conclusion, the combination of vorolanib and everolimus was well tolerated with an overall response rate outcomes indicate the combined regime was convincing in therapeutic effect. We regard 200 mg vorolanib plus 5 mg everolimus as the recommended regimen for further study. A phase 2/3 trial (NCT03095040) is ongoing and has completed enrollment to assess vorolanib, everolimus, or their combination as second-line treatment in patients with metastatic RCC.
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